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Abstract 
This paper presents new gas hydrate equilibrium data’s for C2H6 (structure I) and CH4 + C3H8 (structure II) with and without the 
presence of sodium chloride.  Macroscopic observation of gas hydrate dissociation under the presence of kinetic hydrate inhibitor 
(KHI) is also presented and compared with cells that have no inhibitor. All the experiments are conducted with a synthetic natural 
gas utilizing a newly fabricated isochoric rocking cell apparatus. Results of experimental gas hydrate equilibria data agrees with 
thermodynamic software (CSMGem). Macroscopic observation work shows that the presence of KHI slows down gas hydrate 
dissociation compared to cells with no inhibitor.   
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1. Introduction 
The discovery of gas hydrates under laboratory conditions can be traced back to the year 1778, when Priestly was 
bubbling SO2 gas through water (0ͼC) at atmospheric pressure [1]. Although Priestly discovered gas hydrates under 
a laboratory condition, these compounds are only designated as hydrates in the year 1811 by Davy [2].  However, 
the studies of gas hydrates did not gain serious attention from researchers for almost a century. During a gas 
transmission line inspection, Hammerschmidt [1-2] made a breakthrough discovery that the formation of solid plugs 
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during wintertime were not ice, but actually gas hydrates. This discovery marks the beginning of a significant 
expansion of scientific research on gas hydrates. Thousands of gas hydrate research papers have been published 
during the last 4 decades [1-3]. This shows the significance of this clathrate hydrate mineral to mankind.  
 
Researchers are still actively conducting gas hydrate experiments to generate phase equilibria data for 
thermodynamic studies to understand the basic fundamentals of gas hydrate growth [4-5]. Hydrate equilibrium data 
obtained from experimental work are highly valued as it will be extremely useful for researchers to compare, 
improve or develop new theory based thermodynamic models for gas hydrate formation. As an example, 
thermodynamic models are used by oil and gas flow assurance engineers to design, develop and manage gas hydrate 
risks for both capital expenditure (CAPEX) stage and operating expenditure (OPEX) stage to avoid catastrophic 
hydrate blockages. Therefore, continuous improvement and development of theory based thermodynamic models 
will be significant to the petroleum industry, particularly given the relatively recent growth in deep-water 
environments has advanced to operate under extreme environment more vulnerable to form gas hydrate blockages.  
 
It is known that the formation of gas hydrate blockages may result in safety hazards, ecological risks and 
eventually economic losses [6-8]. Normally, to resume petroleum production, flow assurance engineers will quickly 
attempt to dissociate hydrate plugs, by manipulating its thermodynamic stability.  However, initial poor 
understanding on hydrate dissociation mechanisms, the kinetics of gas hydrate dissociation, and the safest method to 
dissociate hydrate plugs that are formed in a particular system could not be predicted. Therefore, selecting a rapid, 
yet safe dissociation method was difficult [1-2]. Fortunately, with extensive research done to understand gas hydrate 
dissociation mechanisms, a theory based mathematical model was developed; utilizing a controlled heat transfer 
model that is based on Fourier’s law to dissociate hydrate plugs safely [1, 9-10]. Taking advantage of 
thermodynamic parameters (P,T),  and assumptions on the morphology of the gas hydrate plug; porosity and type of 
structure (I, II), CSMPlug [12] is suggested that industrial practitioners can make an order-of-magnitude estimate of 
how long it will take a hydrate plug to dissociate once  a hydrate plug has formed [1-2]. This may help flow 
assurance engineers into considering multiple strategies to dissociate the hydrate plug, such as one-sided 
depressurization, two-sided depressurization, and electrical heating [1-2]. However, the influence of gas hydrate 
morphology, which may result in varying hydrate plug porosity, plays a significant influence to model the kinetics of 
gas hydrate dissociation, or to select a safe dissociation method more accurately. Recently, researchers reported that 
chemicals such as KHIs may influence gas hydrate morphology; various shapes and porosity are found within each 
hydrate structure (structure I or structure II).  [11-17]. Therefore, even with similar thermodynamic conditions, 
dissociation of hydrate plugs can be significantly influenced by the presence of chemicals, such as KHIs. However, 
there is still very limited research to investigate KHIs impact on gas hydrate dissociation [11-15]. Furthermore, there 
is no published work with explicit images to provide insight as to how gas hydrates blockages dissociate under the 
presence of KHIs.  This paper thus aims to report unpublished gas hydrate equilibrium data’s for C2H6 (structure I) 
and CH4 + C3H8 (structure II) with/without sodium chloride. Additionally, macroscopic observations of gas hydrate 
dissociation with/without a KHI are reported.    
2. Methodology 
2.1. Material 
In this experiment, ethane and a premix gas mixture of 90% molar CH4 and 10% molar C3H8 with 98% purity 
from National Oxygen Pte Ltd are used. Sodium chloride with >99% purity for brine preparation are purchased from 
Sigma Aldrich. Distilled water with 2 different formulated concentrations (0.5wt % and 1.0wt %) of KHI 
Copolymer (PVP/PVCap) is also included throughout this experiment. The KHI used in this present work is 
supplied by Baker Hughes. The KHI has a MW = 5-8 * 103 in butyl glycol ether (BGE) solution. 
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2.2. Apparatus 
 
Schematic of the experimental apparatus used in this present work is as illustrated in Figure 1. The apparatus has 
six units of identical high pressure rocking cells placed inside a temperature controlled chamber. A custom designed 
rocking mechanism and ball count mechanism is also part of the chamber. All the functions and measurements are 
controlled by a PLC controller, which is integrated with data processing software. The glass ball used in the cells 
has a diameter of 1.8 cm ± 3%.The detailed description of this apparatus has been previously discussed elsewhere 
[16-17]. 
2.3. Experimental Procedure for Hydrate Phase Equilibria Measurement 
For this work, after the empty cell is vacuumed, 10ml of pre-weighted ultra-pure water is carefully injected into 
each clean cell. The 10ml water volume occupies 50% of the cell’s total volume. Simulated natural gas (methane, 
ethane and gas mixture of 90 mol% methane + 10 mol% propane) is then pumped from the gas station into the cells 
until a desired pressure is achieved. The cells are then mounted on the rocking mechanism, which is then started for 
4 hours to allow good mixture between the gas and water (ultra-pure water or 3 wt% brine). The cells are then 
cooled down rapidly until hydrate phase is detected. Slow heating (0.1 K/hour) is started [2]. Both visual 
observation and P-T data are used to determine the hydrate equilibrium point of the system. The interception of 
pressure (P) during heating with its cooling curve is determined at hydrate equilibrium data. The software provides a 
platform to analyze live P-T data to determine the equilibrium point. This point will be further verified by 
comparing against the images and video taken during the experimental period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  The schematic diagram of the rocking cell [17-18]. 
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2.4. Experimental Procedure for Gas Hydrate Dissociation Observation 
10ml of 3 wt. % of brine solution is carefully injected into the cell. In some cells, KHI at a predetermined 
concentration of 0.5 wt.% and 1.0wt.% KHI  is also added to the cell. The premixed gas of 90 mol% methane + 10 
mol% propane is pumped into the cells until a stable pressure of 40 bars is achieved. Once filled, the cells are 
mounted on a custom design rocking mechanism as illustrated in Figure 1. The rocking mechanism is started for 4 
hours to allow good mixture between the gas and water (ultra-pure water or brine). The cells are then cooled down 
rapidly until all the visually observed water phase forms hydrate. Slow heating (0.1 K/hour) as recommended by 
literature [1] is started while gas hydrate dissociation is observed. The observation work is complete when the cell 
temperature reached the hydrate equilibrium temperature (288.0K) determined based on CSMGem. 
 
3. Results and Discussion 
3.1. Hydrate Liquid-Vapor (HLVE) Equilibria Data 
The measured hydrate- liquid-vapor (HLVE) equilibria data are presented in Table 1 (C2H 6 +H2O and C2H 6 
+H2O + 3wt% NaCl) and Table 2 (90.0 mole% CH4 + 10.0% mole% C3H8 and 90.0 mole% CH4 + 10.0% mole% 
C3H8 + 3wt% NaCl). The measured data are compared with thermodynamic software, CSMGem [1] and some 
published experimental data; of similar composition, but, at different P-T. Unfortunately, from literature search, 
only two data points [18-19] limited to  C2H 6 +H2O could be found. No published data could be found for other 
systems for comparison.  Figure 2 (C2H 6 +H2O and C2H 6 +H2O + 3wt% NaCl) and  Figure 3 (90.0 mole% CH4 + 
10.0% mole% C3H and 90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% NaCl represents hydrate- liquid-vapor 
(HLVE) equilibria data from Table 1 and 2, and the comparison made with CSMGem and published HLVE data 
(limited to C2H 6 +H2O). From Figure 2 and 3, HLVE predicted by CSMGem is close to HLVE data from this recent 
experimental work (0.1 K/hr heating; dissociation), and also some published HLVE data [19-20].   
 
Table 1: HLVE data for (C2H6 + H2O) and (C2H6 + H2O + 3wt% NaCl) system 
System Temperature (K) Pressure (Bar) 
C2H6 + H2O 282.547 15.1 
C2H6 + H2O 285.037 20.5 
C2H6 + H2O 286.700 27.7 
C2H6 + H2O+3wt% NaCl  280.650 11.7 
C2H6 + H2O+3wt% NaCl 282.550 15.2 
C2H6 + H2O+3wt% NaCl 284.150 19 
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Figure 2: Comparison of experimental HLVE data: (a) (C2H6 + H2O) system and (b) C2H6 + H2O + 3wt% NaCl 
with HLVE data predicted by CSMGem software and available data from literature 
 
Table 2: HLVE data for (90.0 mole% CH4 + 10.0% mole% C3H8 + H2O) system 
System Temperature (K) Pressure (Bar) 
90.0 mole% CH4 + 10.0% mole% C3H8 + H2O 286.204 25.0 
90.0 mole% CH4 + 10.0% mole% C3H8 + H2O 289.015 34.7 
90.0 mole% CH4 + 10.0% mole% C3H8 + H2O 
290.990 42.0 
 
 
90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% 
NaCl 
287.650 29.8 
90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% 
NaCl 
289.950 40.0 
90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% 
NaCl 
291.650 50.3 
90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% 
NaCl 
291.650 50.3 
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Figure 3: Comparison of experimental HLVE data: (a) (90.0 mole% CH4 + 10.0% mole% C3H8 + H2O) system and 
(b) (90.0 mole% CH4 + 10.0% mole% C3H8 + 3wt% NaCl) with HLVE data predicted by CSMGem software and 
available data from literature 
3.2. Gas Hydrate Dissociation Observation for Uninhibited, 0.5 wt% KHI and 1.0 wt% KHI Cells 
Figure 4 is the close-up macroscopic view of gas hydrate dissociation test conducted at 0.1K/hour for 
uninhibited, 0.5 wt% KHI and 1.0 wt.% KHI systems. Researcher has reported that presence of KHI has no impact 
on measured hydrate- liquid-vapor (HLVE) equilibria data [1]. Therefore, HLVE equilibria temperature should be 
same with/without the presence of KHIs. Utilizing CSMGem [1], HLVE temperature for 90.0 mole% CH4 + 10.0% 
mole% C3H8 + 3wt% NaCl is 288 K. Therefore, from visual observation, all the hydrates should have completely 
dissociated at 288K. As expected, from Figure 4a (i-iii), it is clearly visible that gas hydrates with no KHIs has 
completely dissociated at 288K (Figure 4a (iii)). However, in the presence of KHI (0.5-1.0 wt.%), with similar 
dissociation heating rate; 0.1K/hr, gas hydrates are still found at the predicted HLVE temperature (Figure 6b-c (iii)). 
Furthermore, gas hydrate dissociation becomes slower; more hydrates present, when KHI concentration is increased 
from 0.5 wt% (Figure 4b(ii-iii) to 1.0wt% (Figure 4c(ii-iii). Therefore, it appears that with increasing concentration 
of KHI (Figure 4), the stability of hydrate structure II increases, and as a result, hydrate dissociation slows down. 
Additionally, it can also be concluded that the recommended heating rate of 0.1K/hr [1] is not suitable to determine 
HLVE for systems that has KHIs. Since a much more stable hydrate structure is formed in the presence of KHIs, a 
much slower heating rate than 0.1K/hr, that may allow sufficient period of dissociation time should be used to 
minimize error when HLVE experiment are conducted.  
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Figure 4:  Gas hydrate dissociation at 0.1K/hr for uninhibited cell (a), 0.5 wt. KHI (b) and 1.0 wt.KHI (c) system up 
to HLVE temperature predicted by CSMGem [1]. 
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4. Conclusion  
In this present work, new experimental hydrate- liquid-vapor (HLVE) equilibria data for C2H6 (structure I) and 
CH4 + C3H8 (structure II) with/without sodium chloride is reported.  Based on visual observations, gas hydrates 
dissociation becomes significantly slower when KHIs are present. Moreover, hydrate dissociation becomes even 
slower when the KHI concentration increases (0.5wt.% -1.0wt.%). From visual observation work, it is noted that the 
recommended heating rate of 0.1K/hr is not suitable to determine HLVE temperature for cells that have KHIs. To 
accurately determine HLVE temperature for cells with KHI that dissociates slowly, a slower heating rate than 
0.1K/hr maybe necessary. From visual observation it can be suggested that a longer hydrate dissociation period can 
be expected when hydrate plugs form in the presence of KHIs. Therefore, more experimental work might be 
necessary to confirm if the existing hydrate dissociation model can be used to work on hydrate plugs that form in the 
presence of KHIs. 
Acknowledgment 
The authors are grateful to Baker Hughes (M) Sdn. Bhd and Universiti Teknologi PETRONAS for providing 
financial support and facilities. Authors would also like to thank Praveena Divan for her assistance in providing 
laboratory support during experimental work.  
References 
[1] E. D. Sloan and C.A. Koh, Clathrate Hydrates Of Natural Gases, third ed., Florida: CRC press, 2008. 
[2] E. G. Hammerschmidt, Formation of Gas Hydrates in Natural Gas Transmission Lines, Industrial & Engineering Chemistry. 26 (1934) pp. 
851-855.  
[3] Y.F. Makogon, Natural gas hydrates – A promising source of energy, J.  Nat. Gas. Sci. 2 (2010), pp. 49-59.  
[4] Q. Yuan, C. Y. Sun, X. H. Wang, X. Y. Zeng, X. Yang, B. Liu, Z. W. Ma, Q. P. Li, L. Feng and G. J. Chen, Experimental study of gas 
production from hydrate dissociation with continuous injection mode using a three-dimensional quiescent reactor, Fuel. 106 (2013), pp. 417-
424.  
[5] E. F. May, A. R. Wu, M. Kellend, Z. M. Aman, K. Kozielski, P. G. Hartley, Quantitative kinetic inhibitor comparisons and memory effect 
measurements from hydrate formation probability distributions, Chem. Eng. Sci. 107 (2014), pp. 1-12.  
[6] O. Fandino and L. Ruffine, Methane hydrate nucleation and growth from the bulk phase: Further insights into their mechanisms, Fuel. 122 
(2014), pp. 206-217. 
[7] Y. Seo and S. Kang, Inhibition of methane hydrate re-formation in offshore pipelines with a kinetic hydrate inhibitor,  J. Petrol. Sci. Eng. 88-
89 (2012), pp. 61-66.  
[8] R. Anderson, M. Llamendo, B. Tohidi and R.W. Burgass, Characteristics of clathrate hydrate equilibria in mesopores and interpretation of 
experimental data, J. Phys. Chem. B. 107 (2003), pp. 3507-3514.  
[9] C. A. Koh, "Towards a fundamental understanding of natural gas hydrates, Chemical Society Reviews. 31 (2002), pp. 157-167. 
[10] E.D. Sloan, Fundamental principles and applications of natural gas hydrates, Nature. 426 (2002), pp. 353-363 
[11] D. Kashchiev and A. Firoozabadi, Nucleation of gas hydrates, J. Cryst. Growth. 243 (2002), pp. 476-489. 
[12] N. Daraboina, J. A. Ripmeester and V. K. Englezos, Natural Gas Hydrate Formation and Decomposition in the Presence of Kinetic 
Inhibitors. 1. High Pressure Calorimetry, Energy Fuels. 25(2011), pp. 4392-4397. 
[13] N. Daraboina, I. L. Moudrakovski,  V. K. Walker and P. Englezos, Assessing the performance of commercial and biological gas hydrate 
inhibitors using nuclear magnetic resonance microscopy and a stirred autoclave, Fuel. 105 (2013), pp. 630-635.  
[14] H. Sharifi and P. Englezos, Accelerated Hydrate Crystal Growth in the Presence of Low Dosage Additives Known as Kinetic Hydrate 
Inhibitors, J. Chem. Eng. Data. 60 (2015), pp. 336-242.  
[15] L. Jensen, K. Thomsen and N. Solms, “Inhibition of Structure I and II Gas Hydrates using Synthetic and Biological Kinetic Inhibitors, 
Energy Fuels. 25 (2011), pp. 17-23. 
[16] H. Sharifi, J. A. Ripmeester, V. K. Walker and P. Englezos, Kinetic inhibition of natural gas hydrates in saline solutions and heptane, Fuel. 
105 (2014), pp. 109-117.  
[17] J. D. Sundramoorthy, K. M. Sabil, L. Bhajan and P. Hammonds, Catastrophic Crystal Growth of Clathrate Hydrate with a Simulated Natural 
Gas System during a Pipeline Shut-In Condition, Cryst. Growth Des. 15(2015), pp. 1233-1241.   
[18] J. D. Sundramoorthy, P. Hammonds, K. M. Sabil,  K.S. Foo and L. Bhajan, Macroscopic Observations of Catastrophic Gas Hydrate Growth 
during Pipe-Line Operating Conditions with/without a Kinetic Hydrate Inhibitor, Cryst. Growth. Des.15(2015), pp. 5919-5929.  
[19] G. D. Holder, Multi-Phase Equilibria in Methane-Ethane-Propane-Water Hydrate Forming Systems, AIChE J. 28(1982), pp. 44.  
[20] O. L. Roberts and E. R. Brownscombe, Methane and ethane hydrates, Oil Gas J. 39 (1940), pp. 37-42.  
  
